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The first confirmed microlens in a globular cluster∗
P. Pietrukowicz1, D. Minniti2,3,4, Ph. Jetzer5, J. Alonso-Garc´ıa2, A. Udalski1
ABSTRACT
In 2000 July/August a microlensing event occurred at a distance of 2.′33
from the center of the globular cluster M22 (NGC6656), observed against the
dense stellar ﬁeld of the Milky Way bulge. We have used the adaptive optics
system NACO at the ESO Very Large Telescope to resolve the two objects that
participated in the event: the lens and the source. The position of the objects
measured in 2011 July is in agreement with the observed relative proper motion
of M22 with respect to the background bulge stars. Based on the brightness of
the microlens components we ﬁnd that the source is a solar-type star located at
a distance of 6.0± 1.5 kpc in the bulge, while the lens is a 0.18± 0.01M⊙ dwarf
member of the globular cluster located at the known distance of 3.2 ± 0.2 kpc
from the Sun.
Subject headings: globular clusters: individual (M22) — gravitational lensing:
micro — instrumentation: adaptive optics
1. Introduction
The eﬀect of gravitational microlensing of background stars by compact objects located
in globular clusters was analyzed for the ﬁrst time by Paczyn´ski (1994). He showed that
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thanks to the usually well-known distances to the source and the lens, and transverse velocity
between the populations to which the objects belong, it is possible to derive the lens mass
when the event time scale is measured. Paczyn´ski suggested to monitor globular clusters
like M22 or 47 Tuc in front of the rich background of either the Galactic bulge or the Small
Magellanic Cloud. According to his calculations one should detect up to a few microlensing
events in one year of continuous monitoring of M22 with a 1 m class ground-based telescope.
Some microlensing events detected so far toward the bulge in microlensing surveys such as
OGLE (Udalski et al. 2000), MACHO (Alcock et al. 2000), and MOA (Bond et al. 2001)
might be associated with globular clusters (Jetzer et al. 1998; de Luca & Jetzer 2008).
Pietrukowicz et al. (2005) presented the results of a search for erupting objects in the
ﬁeld of the globular cluster M22. The cluster was observed over 10 weeks in 2000-2001 with
the 1.0 m Swope telescope at Las Campanas Observatory as one of the targets of the Cluster
AgeS Experiment (CASE; Kaluzny et al. 2005). Besides two erupting dwarf novae they found
a probable microlensing event located at α2000.0 =18:36:22.40, δ2000.0 = −23:56:29.4, i.e., only
2.′33 = 1.75 rc = 0.69 rh from the cluster center, where rc = 1.
′33 and rh = 3.
′36 are the core
radius and half-mass radius of the cluster, respectively (taken from the 2010 version of Harris
(1996) catalog). The brightness of the object increased by about 0.8 mag in V over 20 days.
Around 2000 August 5 it reached a maximum of V = 19.1 mag and then faded to a constant
level of V = 19.9 mag. Based on its color at maximum brightness the authors excluded the
possibility that the object could be a dwarf nova. They ﬁtted a single lens model to the
light curve and found that the most likely geometry of the event places the source in the
Galactic bulge and the lens in the cluster. The ﬁtted parameters are: the epoch of maximum
t0 = 2451759.70
+0.33
−0.34, characteristic (Einstein) time tE = 15.9± 1.1 days, impact parameter
u0 = 0.54
+0.02
−0.18 in units of Einstein radius rE, VS = 19.92
+0.62
−0.02 mag, and VL = 24.8
+∞
−4.0 mag,
where VS and VL are V -band magnitudes of the source and lens, respectively. The authors
assessed the mass of the lens to M = 0.14+0.10
−0.02M⊙. Large uncertainties of the above values
result from the faintness of the object and partial coverage of the event.
After many years, in some special cases it is possible to directly detect the lens, measur-
ing its mass and the geometry of the microlensing event (e.g., Alcock et al. 2001; Koz lowski et al.
2007). In this Letter we resolve the microlensing system components based on new near-IR
high-resolution images, measuring the complete geometry of the event, and the parameters
of the source and lens stars. The event reported here is the ﬁrst conﬁrmed microlensing event
in a globular cluster. We note that brightening episodes detected in Hubble Space Telescope
(HST) images of M22 by Sahu et al. (2001) were later reexamined and interpreted either as
a dwarf nova type outburst (Anderson et al. 2003) or as a result of cosmic ray double hits
(Sahu et al. 2002).
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2. VLT Observations and reductions
Ks-band observations of the M22-microlens region were obtained at the ESO Very Large
Telescope (VLT) on 2011 July 17, i.e., 10.95 years after the maximum of the event. Twenty
single 110 s exposures were taken using NACO at UT4, composed of the Nasmyth Adaptive
Optics System (NAOS) and the High Resolution IR Camera and Spectrometer (CONICA).
The detector was a 1026 × 1024 pixel SBRC InSb Alladin 3 array. We used the S27 camera
of the scale 27.15 mas pixel−1 and the ﬁeld of view of 28′′×28′′. The telescope jittered after
each exposure according to a random pattern in an 8′′×8′′box. As the guide source for
adaptive optics (AO) image correction we used a V = 14.1 mag star located 11.′′36 away
from the target. The seeing during the observations ranged between 0.′′69 and 0.′′99. The
data were reduced with the ESO software packages MIDAS and Eclipse. In the top panel
of Figure 1 we show the combined image of the observed ﬁeld. The image is aﬀected by
anisoplanatism, which degrades the point spread function (PSF) making it more elongated
with increasing angular distance from the guide star. The measured full width at half
maximum (FWHM) at the center of the image is 0.′′11. The M22-microlens region was
also observed with VLT/NACO through the J ﬁlter on 2011 April 26. Unfortunately, the
measured FWHM of 0.′′36 is insuﬃcient to detect the faint lens.
For our analysis we cut a smaller area of 600×600 pixels, covering 16.′′3×16.′′3 around the
target microlens. We used DAOPHOT/ALLSTAR (Stetson 1987) to extract photometry of
stars in the image. Due to relatively large diﬀerence in brightness (∆Ks = 3.2 mag) and very
small separation between the source and the lens (4.59 pixels = 124.6 mas) the photometry
was extracted in three steps. In the ﬁrst step we found PSF based on selected isolated
bright stars. Then using this PSF we found centroids of all stars with S/N> 3.5. In the
second step, we removed the bright stars from the image and extracted proﬁle photometry
for residual objects, including the lens. The residual image showing the lens located slightly
oﬀ the center is presented in the lower panel of Figure 1. In the ﬁnal step, we re-extracted
the photometry for all stars including the positions of both the source and lens.
We performed simulations in which we inserted the same pair of stars in the same
location of 100 frames with subtracted stars in order to assess the errors of the positions of
the two objects. The obtained mean uncertainties in pixels we converted into the unit of
mas.
Standard Ks-band magnitudes of the stars within our ﬁeld were calculated based on
photometry of 51 neighboring stars detected in the near-IR VISTA Variables in the Via
Lactea survey (VVV; Minniti et al. 2010). We found the source and lens to have Ks =
17.37± 0.03 mag and Ks = 20.57± 0.09 mag, respectively.
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3. Confirmation of the microlensing event
Almost eleven (10.95) years after the microlensing event we found the lens located
(123.6 ± 1.8, 15.8 ± 1.8) mas (east, south) from the source. This corresponds to a relative
proper motion of the lens with respect to the source [µαcosδ, µδ] = [11.29 ± 0.17,−1.44 ±
0.17] mas yr−1 and its total value µrel = 11.38 ± 0.24 mas yr
−1. Based on archival HST
observations Chen et al. (2004) measured the proper motion of the globular cluster M22 with
respect to the background bulge stars. They obtained [µαcosδ, µδ] = [10.19 ± 0.20,−3.34 ±
0.10] mas yr−1 and showed that the separation between cluster and ﬁeld stars is clear. They
considered all stars with proper motions < 2 mas yr−1 around the mean value of the cluster
to be M22 members, and stars with motions > µαcosδ = 5 mas yr
−1 as mainly bulge stars.
In a vector-point diagram presented in Figure 2 we overlaid the vector measured here for the
microlens on the vector for the bulge-M22 set from Chen et al. (2004). The microlens vector
originates from the (0, 0) point, which refers to the cluster, and ends well within the bulge
area. This conﬁrms the geometry of the microlensing event with the source in the bulge and
the lens in the globular cluster.
By ﬁtting a model to the light curve Pietrukowicz et al. (2005) predicted that the lens
is fainter than the source by ∼ 5 mag in the V band. At a distance dM22 = 3.2 kpc and mean
reddening E(B−V ) = 0.38 mag (Monaco et al. 2004) it is likely an M5 dwarf of an absolute
brightness MV ∼ 11.1 mag. Such star observed in the Ks band would have ∼ 20.5 mag
(based on models from Brocato et al. 1998). The brightness of the faint object detected
close to the target source in the VLT/NACO image is Ks = 20.57 ± 0.09 mag, which is in
excellent agreement.
The VLT/NACO Ks-band image is the only available image containing both microlens-
ing system components. We searched the HST archives for other high-resolution images.
Unfortunately, in two HST/Advanced Camera for Surveys (ACS) images taken as a part of
the GO 10775 program on 2006 Apr 1 our target lies 1.′′3 oﬀ the edge. The only HST image
(jb1w01010, GO 11558) covering the M22 microlens was obtained on 2010 Mar 2 in the O[iii]
ﬁlter centered at 5023A˚ and with FWHM=86A˚. We checked that in this narrow-band ﬁlter
all objects of similar brightness to the lens in the NACO image are below the detection limit.
This supports the fact that the lens is a relatively red object.
We also checked brightness variations of the target object in recent OGLE data ob-
tained with the 1.3 m Warsaw telescope at Las Campanas Observatory, Chile. The Optical
Gravitational Lensing Experiment during its fourth phase (OGLE-IV), that started in 2010
March, observes the globular cluster M22 occasionally once or twice a week. In Figure 3
we present the I-band light curve of the target object in years 2010-2011. The zero point
accuracy of the magnitude scale is about 0.1 mag. Constant brightness of the object within
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0.2 mag corroborates that the episode of increasing brightness in 2000 July/August was a
single event.
Theoretically we can estimate the probability of a chance conﬁguration of two unrelated
stars in the investigated area. We detected 342 stars in a brightness range 15.4 < Ks <
22.6 mag in the 15′′×15′′ ﬁeld centered on the target source. Assuming Poisson statistics
this gives a density of 1.52 ± 0.08 stars arcsec−2 or 0.074 ± 0.004 stars within 124.6 mas
around the target. Eighty-two stars (corresponding to a fraction of 0.240), being fainter
than Ks = 20 mag, could act as a potential lens in our case. The acceptable position angle
of the lens ranges within ±38.◦5 oﬀ the M22-bulge relative proper motion direction, decreasing
the chance by 0.214. If we take into account all above requirements we ﬁnd 0.38%±0.02%
chance of such conﬁguration at any location in the ﬁeld. However, the observed position
and brightness of both lens and source being in perfect agreement with the expectations
unambiguously conﬁrm the microlensing nature and geometry of the event detected in 2000.
4. Masses and distances to the microlens components
The observed Ks-band brightness of the lensing star and the fact that it is located in the
globular cluster M22 allows us to determine its type. According to Monaco et al. (2004) M22
lies at a distance dM22 = 3.2±0.2 kpc from the Sun and has an average metallicity [Fe/H]CG =
−1.68± 0.15 dex in Carretta & Gratton (1997) scale. Reddening in the direction of M22 is
spread between E(B−V ) = 0.34 and 0.42 mag (Richter et al. 1999). Using Rieke & Lebofsky
(1985) relations on absorption, that AK = 0.112AV , where AV = 3.1E(B − V ), we ﬁnd
0.118 < AK < 0.146 mag for objects in M22. From this we obtain the absolute brightness
of the lens MKs = 7.91± 0.16 mag. Based on models from Brocato et al. (1998) we ﬁnd the
mass of the star Mlens = 0.18± 0.01M⊙ (see Figure 4).
Knowing the distance to the lensing object dlens, its mass Mlens, relative proper motion
µrel between the source and lens, and time scale of the event tE we can estimate distance to
the source from the following relation
dsource = dlens
(
1−
c2µ2relt
2
Edlens
4GMlens
)−1
,
where G is the gravity constant and c the speed of light. The quantities µrel and tE should
be given in either heliocentric or geocentric frame. For the microlens in M22 we obtain
dsource = 6.0 ± 1.5 kpc which places the source in the Galactic bulge, as expected from the
relative motion. The large errors reﬂect mainly the uncertainty in the estimated duration of
the microlensing event.
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According to Schlegel et al. (1998) the total reddening in the cluster direction amounts
to E(B − V ) = 0.33 mag. That implies that any stars located in the cluster ﬁeld cannot be
signiﬁcantly more reddened than the cluster itself. If we assume the same absorption for the
source located at 6.0 kpc as for the cluster, AK = 0.13 mag, from the observed brightness
of the source Ks = 17.37 mag we ﬁnd it to be a solar-type star (Pietrinferni et al. 2006).
Location of this object in a Ks versus O[iii]−Ks diagram shown in Figure 5 supports this
conclusion.
5. Summary
In the Letter we have shown that the microlensing event which occurred 2.′33 from the
center of the globular cluster M22 in 2000 July/August involved a 0.18 ± 0.01M⊙ dwarf
of the cluster and a background solar-like star located in the Galactic bulge. Almost 11
years after the event, using high-resolution near-IR image we resolved the two microlensing
components. The observed position of the source and lens stars as well as their brightness
are consistent with the proposed earlier geometry of the event. Additional evidence comes
from the constant brightness of the target object in the last two years (2010-2011).
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Fig. 1.—Ks-band images of the microlens in M22. The ﬁeld of view in the top panel is 20
′′on
a side. North is up and east is to the left. The brightest star near the SE corner of the top
image served as the natural guide source for the AO image correction. The 4′′×4′′close-up
view centered on the target source is presented in the middle panel. The lower panel shows
a residual image after subtracting bright stars. The faint residual object located slightly oﬀ
the center is the lensing star.
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Fig. 2.— Vector-point diagram of relative proper motions in the J2000 equatorial coordinate
system of the bulge with respect to the globular cluster M22 (based on Chen et al. 2004).
Stars that would fall inside the circle of radius 2 mas yr−1 centered at (0, 0) are considered
to be cluster members, while stars that would fall inside the circle of radius 5 mas yr−1
centered at (−10.19, 3.34) mas yr−1 are very likely bulge stars. The relative motion between
the microlens system components is shown as the solid line with the small circle representing
the uncertainty. The length and direction of the vector unambiguously conﬁrm that the
source belongs to the bulge, and the lens to the cluster.
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Fig. 3.— OGLE-IV I-band light curve of the target object in years 2010-2011. Its constant
brightness within 0.2 mag conﬁrms the microlesing nature of the event in 2000 Jul/Aug.
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Fig. 4.— Ks-band absolute brightness for dwarfs of ﬁve diﬀerent masses and two metal-
licities, Z=0.0002 and 0.002, corresponding to [Fe/H]=−2.00 and −0.96 dex, respectively
(data points taken from Brocato et al. 1998). The measured brightness of the lens and its
uncertainty are marked with the horizontal lines.
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Fig. 5.—Ks vs. O[iii]−Ks diagram for 175 stars present in both VLT/NACO and HST/ACS
images in the M22-microlens area. The majority of the objects are main-sequence (MS) stars
of the cluster. Location of the more distant source (marked with the ﬁlled square) shows
that it is fainter than the M22 MS, and consistent with a bulge MS star.
